We experimentally demonstrate cavity linewidth control by manipulating dispersion of the intracavity medium. By making use of the dramatic change of Kerr nonlinearity near electromagnetically induced transparency resonance in a three-level atomic system, the cavity transmission linewidth can be greatly modified. As the cavity input intensity increases, the cavity linewidth changes from below to above empty cavity linewidth, corresponding to subluminal and superluminal photon propagation in the cavity, respectively. © 2007 Optical Society of America OCIS codes: 190.3270, 020.1670, 140.4480, 260.2030, 300.3700, 270.1670 Cavity transmission linewidth depends on cavity mirror transmissions, as well as on the interaction and coupling between the cavity field and the intracavity medium. Many factors can influence the cavity transmission linewidth, such as intracavity absorption and dispersion properties. It is well-known that intracavity absorption broadens the cavity linewidth and steep normal dispersion reduces the cavity linewidth [1] . For a strong coupling atom-cavity system, the cavity transmission linewidth is the mean value of the empty cavity decay rate and the atomic decay rate [2, 3] . A recent experiment [4] has demonstrated that the sharp linear normal dispersion slope accompanying the electromagnetically induced transparency (EIT) in a three-level atomic system can substantially reduce the cavity linewidth. Such cavity linewidth narrowing can be considered as due to the reduced photon group velocity, and therefore increased photon effective lifetime, in the cavity caused by the sharp normal dispersion slope of the EIT system [5] [6] [7] . The group index of the intracavity dispersion medium can be written as
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The group index of the intracavity dispersion medium can be written as
where n is the index of refraction of the medium and p is the probe laser beam frequency. For a threelevel EIT medium, one can easily calculate and measure such a dispersion slope [5, 6] . In all previous works on reducing group velocity of light pulses, the probe intensity has always been kept low to avoid nonlinear distortion. Also, the nonlinear dispersion associated with the Kerr nonlinearity in such an EIT medium has been shown to have an opposite sign (anomalous dispersion) from the linear dispersion [8, 9] , therefore it will be an obstacle for reducing group velocity and will set a lower limit of how much the light pulses can be slowed down. For n = n 1 + n 2 I p , the group index can be written as
where I p is the probe beam intensity and n 1 and n 2 are the linear and Kerr nonlinear refractive indices, respectively. Since ͑‫ץ‬n 2 / ‫ץ‬ p ͒ is usually always much smaller than ͑‫ץ‬n 1 / ‫ץ‬ p ͒ and has an opposite sign, the nonlinear term is normally considered as a small correction, which only has an effect at either very high probe intensity or very slow group velocity. Therefore, such nonlinear dispersion contribution has always been neglected in previous works of slowing light pulses [7] . In this Letter, we demonstrate that due to the greatly enhanced nonlinear dispersion near threelevel EIT resonance [8] , such sharp changing nonlinear dispersion can actually be used to balance the linear dispersion [5] and to control the cavity linewidth. To illustrate the basic idea, the linear and nonlinear refractive indices, n 1 and n 2 , as well as their derivatives over probe beam frequency detuning (⌬ p = p − 12 , where 12 is the frequency of the probe transition) are plotted in Fig. 1 for certain parameters relevant to our experiment [5, 8, 9] . As shown in Figs. 1(a) and 1(c), linear index has a normal dispersion and nonlinear index ͑n 2 ͒ has an anomalous dispersion near the EIT condition ͑⌬ p =0͒. Their derivatives over ⌬ p are shown in Figs. 1(b) and 1(d). Since ͑‫ץ‬n 1 / ‫ץ‬ p ͒ and ͑‫ץ‬n 2 / ‫ץ‬ p ͒, as well as n 1 and n 2 , can have opposite signs and change dramatically near the EIT resonance, one can easily find certain detuning value ⌬ p , at which the condition n g = 1 is satisfied for a particular I p value, as indicated by the dotted line in Figs. 1(b) and 1(d). As I p is further increased, n g will be less than 1 and even become negative [‫ץ‬n 2 / ‫ץ‬ p Ͻ 0 at such frequency detuning], which corresponds to the superluminal phenomenon [10] , shows a linewidth broadening since photons will hit the mirrors more often and have more chance to escape the cavity per unit time. The modified cavity linewidth due to such intracavity medium can be written as [4, 11] 
where ͑⌬͒ 0 is the empty cavity linewidth; R is the reflectivity of both the input and output mirrors; = exp͑−␣l͒ describes single-pass absorption of the medium; and l and L are the lengths of the medium and the cavity, respectively. Without the nonlinear contribution, Eq. (3) reduces to the result of the linear case [4, 11] . When n g Ͼ 1, ͑⌬͒ Ͻ ͑⌬͒ 0 , indicating a cavity linewidth narrowing, as demonstrated in [4] . Here, we experimentally study the change of cavity linewidth when n g changes from n g Ͼ 1 to n g Ͻ 1 due to increased probe intensity.
The experiment was done with ⌳-type three-level rubidium atoms inside an optical ring cavity. The experimental setup and atomic levels are similar to the one used in [4] , except now with two commercial high power cw diode lasers for the probe and coupling laser beams. The length of the three-mirror ring cavity is 37 cm, with transmissivities of the input and output mirrors to be 3% and 1%, respectively. The empty cavity finesse is ϳ100 without intracavity elements. The rubidium vapor cell (5 cm long with Brewster windows) is set at 70°C and wrapped in metal for magnetic shielding. The cavity field serves as the probe beam and the coupling beam is injected into the cavity with a polarization beam splitter and copropagates through the vapor cell (not circulating in the cavity) with the cavity field, which forms the twophoton Doppler-free configuration [12] . The cavity finesse reduces to ϳ48 with atomic cell and polarization beam splitter in the cavity (with atoms tuned far from resonance), corresponding to a linewidth of 17 MHz. The coupling laser is tuned and locked on resonance to the 5S 1/2 , F =2→ 5P 1/2 , FЈ = 2 transition and the probe beam is scanned near the transition of 5S 1/2 , F =1→ 5P 1/2 , FЈ = 2. The beam waist radii are 100 and 600 m for the probe and coupling laser beams, respectively. Figure 2 shows measured two cavity transmission spectrum curves with different input intensities with other parameters fixed at ⌬ c =0,P c = 24 mW (corresponding to Rabi frequency ⍀ c = 129 MHz), and cavity detuning = −60 MHz. For input power P p = 2.7 mW, the group index is estimated to be n g = 133, which gives ⌬ = 0.9 MHz, as shown in curve (a) of Fig. 2 , which is much narrower than the empty cavity linewidth of 17 MHz. With the input power increased to P p = 7.4 mW, the cavity transmission linewidth becomes broadened to ⌬ Ϸ 28 MHz [curve (b) of Fig. 2] , which is broader than the empty cavity linewidth. The inset of Fig. 2 gives the empty cavity linewidth of ͑⌬͒ 0 = 17 MHz, measured with atomic medium tuned far from resonance. The much broader peaks on the right side of Fig. 2 are normal-mode sidebands due to ⍀ c 2 and g 2 N (N is the number of atoms in the cavity mode and g is the atom-cavity field coupling constant) [13] , both of which play a similar role of increasing the splitting in the dresses-state picture. The left normal-mode peaks are at probe frequency detuning beyond ⌬ p = −200 MHz (not shown). The investigations of these spectral features are underway and very complicated, and are beyond the scope of this work.
Linewidth measurements of the central cavity transmission peak at different input powers are plotted on Fig. 3 . The turning point for n g = 1 occurs at around P p = 5.6 mW, where cavity linewidth changes abruptly from narrower to broader than the empty cavity linewidth of ͑⌬͒ 0 = 17 MHz. It is easily shown that ⌬ has a very large slope near the n g = 1 point [from Eq. (3)] indicating this sudden change in behavior. As the input intensity is very low, the cavity linewidth can be as narrow as 0.8 MHz, which is only limited by the laser linewidths and intracavity losses. After the turning point ͑P p = 5.6 mW͒, and as the input power further increases, the cavity linewidth becomes broader until a certain value and then gets narrower again until it reaches the empty cavity linewidth value of ͑⌬͒ 0 = 17 MHz. The exact quantitative behaviors of the cavity linewidth, especially at the broader linewidth region (between P p = 9.8 and 12.1 mW) cannot be explained well by the simple model of Eq. (3), where the central peak starts to merge with the normal-mode sideband peak. Further study is needed to fully understand the exact mechanism for such spectral behaviors. Figure 3 gives a description for the cavity linewidth as a function of input intensity, showing the transition from narrowing cavity linewidth due to dominant linear (normal) dispersion slope to broadening due to nonlinear (anomalous) dispersion slope of the intracavity EIT medium. The sudden jump in cavity linewidth is clearly shown at the critical input intensity ͑P p = 5.6 mW͒. Figure 4 depicts the dependence of the cavity linewidth on the coupling beam power P c for two different probe beam powers, P p = 2.7 and 7.4 mW, corresponding to n g Ͼ 1 (slow light) and n g Ͻ 1 (superluminal) regions, respectively. At high coupling power ͑P c =24 mW͒, the linewidths at these two input powers correspond to the two peaks as shown in Fig.  2 . As the coupling beam power decreases, these two very different linewidths move towards the empty cavity linewidth value of 17 MHz, which is expected since both the linear and nonlinear dispersion slopes get flat at small P c .
In summary, we have demonstrated experimental control of cavity linewidth by balancing the linear and nonlinear dispersion slopes near the EIT resonance. A critical input intensity is found to change n g from larger than to smaller than 1, corresponding to "slow" and "fast" light propagation inside the cavity, which is different from the group velocity control by adjusting the linear dispersion slope without cavity [14] or in the cavity [15] . Such observed phenomenon of controlling cavity linewidth is a manifestation of unique features in the EIT medium, i.e., reduced absorption with greatly enhanced linear, as well as nonlinear dispersions near EIT resonance [5, 8, 12] . Many interesting spectral features in such systems with an EIT medium in an optical cavity need to be further investigated. Understanding and controlling cavity linewidth can find applications in studying cavity-QED effects and in designing novel optoelectronics devices, such as optical switches and filters. Fig. 2 . The solid curves are best fits of the data using a quadratic function.
